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I) Introductionto b — s/t~

A) Motivation, Observables and Experimental status

B) Effective theory (EFT) of AB =1 decays: b — s+ (v, £1¢7)

IT) Phenomenological benefits of low recoil

A) Form factor relations and optimized observables
B) Summary: The SM operator basis

C) Beyond the SM: SM’, (S + P), (T + T5)

D) OPE of 4-quark contributions

1) Global fits of AB =1 fitsof b— syand b — s{t/~
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Flavour changes in SM — only via W* exchange

U,':{U,C,t}: . D
Q) = +2/3 9o _ Vg Vus Vip d Ui !
U=+28 e = L @ah| Ve Ve Voo |vP| s Wi
D; = {d, s, b}: 2 Ve Vis Vi b
Qp =-1/3 ~ Cabibbo-Kobayashi-Maskawa (CKM) matrix
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Flavour changes in SM — only via W* exchange

U= {U, c, t} . .
Q) = +2/3 9o _ Vg Vus Vip d Ui D]
u=12/3  roc= Z@eh| Voo Voo Voo || s |
D; = {d, s, b}: Ve Vis Vi b
Qp =—1/3 w
b=~ ~ Cabibbo-Kobayashi-Maskawa (CKM) matrix
Tree: only U; — D; & D; — U
= charged current: Q; # Q;
Uf ! Ui Dk
>W%< >m<
Dj v, D/ U,
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Flavour changes in SM — only via W* exchange
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Q) = +2/3 9o _ Vg Vus Vip d Ui !
u=+2/ Lcc = W @8t | Voo Ves Voo |7"PL| s |WF
Dj = {d, s, b}: Ve Vis Vi b
Qp =—1/3 w
b=~ ~ Cabibbo-Kobayashi-Maskawa (CKM) matrix
Tree: only U; — D; & D; — U; Loop: D; — D; (& U; — U))
= charged current: Q; # Q; = neutral current (FCNC): Q; = Q;
U, !
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Dj vy |
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Hi — Ha + tvy {7, Z, g} — {7, €t, Ha} Hy — Hp + {0, v}
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Flavour changes in SM — only via W* exchange
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Flavour changes in SM — only via W* exchange

Ui = {U, c, t} .
Qu = +2/3 9 o Ve Ves Vi d . o
U= Lec = NG (@c,t)y| Vea Vos Ve |¥*PL| s W;
D; = {d, s, b}: Ve Vis Vi b
+
Qp =—1/3 ~ Cabibbo-Kobayashi-Maskawa (CKM) matrix b
In the SM: FCNC-decays w.r.t. tree-decays are . ..
quantum fluctuations = loop-suppressed SM BSM

= no suppression of contributions
beyond SM (BSM) wrt SM itself

= indirect search for BSM signals

BUT requires high precision,
experimentally and theoretically !!! ” ”
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Rich phenomenology ...

b— s+ b—s+0T0
B— K*y  (Bs — ¢7) Bs — 2
—Br - Br
— time-dep. CP asy’s: S, C, H B— K+ 0
— iso-spin asymmetry Ag_ — dPBr/dq? d cos 6; — dBr/dq?, Aps, Fy
B — Xsv B — K*(— Kn) + 2 (Bs — ¢(— KK) + £¢)
— Br, dBr/dE., — d*Br/dq?d cos 6,0 cos 0, dp
—Acpin B — Xsyand B — Xs g7 — angular observables ’1(,5_’,0_),9(‘72)
Bs — vy s dBr/deP, Apg, Fy, AGHAEI) (123,49
~Br Ace) ) B Xs+ 2

— dBr/dq?, Agg, Hr (or Hy)
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Rich phenomenology ...
b—s+y

B— K*y  (Bs — ¢7)

- Br

—time-dep. CP asy’s: S, C, H

— iso-spin asymmetry Ag_

B — Xsvy

— Br, dBr/dE.,

—Acpin B — Xsvand B — X5 g4v

Bs — v

- Br (Acp)

b—s+0T0

Bs — U
- Br
B— K+
— d?Br/dq? d cos 0, — dBr/dg?, Apg, Fiy
B — K*(— Kn) + 2 (Bs — ¢(— KK) + £¢)
- d4Br/dq2dcos 0,d cos 0,5 dop

= dBr/deP, A, FL’A(T2,3,4,re,im)’ H? 2,345)

— dBr/dq?, Agg, Hr (or Hy)

...inb— s+ {7, vy, 2} FCNC’s to test short-distance flavour physics:

Cifori=7,7 J

Cifori=7,7,9,9,10, 10, ...

BUT need non-perturbative hadronic input:

Decay constants and LCDA's for By s, K, K*, 6, ... J

Form factors: (B — K) — f 7 ¢and (B — K*, Bs — ¢) — V, Ao1,2: T1,2,3

C. Bobeth

ECT Trento
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Experimental data: b — s/*¢~ — number of events

# of evts BaBar Belle CDF LHCb @ CP-averaged results
2012 2009 2011 2011 4 & regi
471M BB 605 b 687" 110~ ® vetoed g~ region
— around J/v and ¢’
BY — K*0 gy 137 + 447 | 247 + 547 | 164 + 15 | 900 + 34 regions
Bt — K*t ¢ 20+ 6 @ T unknown mixture of
Bt > Kt | 153+417 | 162+ 38" | 234+ 19 B and B*
B0 — KSO 7 28+9 Babar Moriond EW 2012
Bs — d)@ 49 +7 Belle arXiv:0904.0770
Ay > AT 24+5 CDF arXiv:1107.3753 + 1108.0695
LHCb LHCb-CONF-2012-008
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Experimental data: b — s/*¢~ — number of events

# of evts BaBar Belle CDF LHCb @ CP-averaged results
2012 2009 2011 2011 5
471 M BB 605 fo~! 6.8~ 1o~ @ vetoed g° region
— around J/+ and ¢’
BY — K*0 gy 137 + 447 | 247 + 547 | 164 + 15 | 900 + 34 regions
Bt — K*+ 7¢ 20+ 6 @ T unknown mixture of
Bt > K+t | 153+41f | 162 +38" | 234 + 19 B and B*
B0 — KSO 7 28+9 Babar Moriond EW 2012
Bs N d)@ 49+ 7 Belle arXiv:0904.0770
Ay > NC 24+5 CDF arXiv:1107.3753 + 1108.0695

LHCb LHCb-CONF-2012-008
OUTLOOK / PROSPECTS
BELLE reprocessed all data 711 fb—' — final analysis ?
CDF recorded about 10 fo—1 — final analysis ?

LHCB recorded now 1 fo—1 — still about 1000 evts B — K[fiu to analyse
(extrapolated from (35 + 7) evts in 37 pb—') — about 2.5 fb—" by end of 2012

ATLAS / CMS pursue also analysis of B — K* iy and B — Kjip

BELLE I/ SUPERB expects about (10-15) K events B — K*2¢ (= 2020) [A.J.Bevan arXiv:1110.3901]
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Experimental data: b — s/*¢~ — number of events

BaBar
2012
471 M BB

# of evts

LHCb @ CP-averaged results

@ vetoed g region
around J/+ and v’
regions

@ T unknown mixture of
BO and B+

Babar Moriond EW 2012

Belle arXiv:0904.0770

CDF arXiv:1107.3753 + 1108.0695
LHCb LHCb-CONF-2012-008

OUTLOOK / PROSPECTS

BELLE reprocessed all data 711 fb—' — final analysis ?
CDF recorded about 10 fo—1 — final analysis ?

LHCB recorded now 1 fo—1 — still about 1000 evts B — K[fiu to analyse
(extrapolated from (35 + 7) evts in 37 pb—') — about 2.5 fb—" by end of 2012

ATLAS / CMS pursue also analysis of B — K* iy and B — Kjip

BELLE 11/ SUPERB expects about (10-15) K events B — K*£¢ (2 2020) [A.J.Bevan arXiv:1110.3901]
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B— K*[—> Kr] + (70 :
4-body decay with intermediate on-shell K* (vector)
1) 6% = m2, = (p; + pe)? = (P — Pxx)?

2) cost, with 6,2 (Bg, B7) in (£¢) — c.m. system

3) cosOx with 0k Z(Pg, Pk) in (K7) —c.m. system

4) ¢ £(Bx X Pr, Py X Pe) in B-RF
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B— K*[—> Kr] + (70 :
4-body decay with intermediate on-shell K* (vector)
1) 6% = m2, = (p; + pe)? = (P — Pxx)?

2) cost, with 6,2 (Bg, B7) in (£¢) — c.m. system

3) cosOx with 0k Z(Pg, Pk) in (K7) —c.m. system

4) ¢ L(Bk X B, Py x Pe) in B-RF

Ji(g?) = “ANGULAR OBSERVABLES”

r___dr
9 dg2dcos 6, dcos Ok do

+Js sin0 sin%0, oS 2¢ + Jy Sin 20k Sin 20, cosé + Js sin 20 sind, cose

= Ji58iN%0K + Jio C0S20k + (s SIN2Hk + Jop COS2Hc) COS 26,

+(Jss SIN%0 + Jse cOS20k) 0SB, + J7 sin 20 sind, sing

+Jg Sin 20 sin 26, sing + Jg Sin0x sin®, sin 2¢
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B— K*[—> Kr] + (70 :
4-body decay with intermediate on-shell K* (vector)
1) 6% = m2, = (p; + pe)? = (P — Pxx)?

2) cost, with 6,2 (Bg, B7) in (£¢) — c.m. system

3) cosOx with 0k Z(Pg, Pk) in (K7) —c.m. system

4) ¢ L(Bk X B, Py x Pe) in B-RF

Ji(g?) = “ANGULAR OBSERVABLES”

r___dr
9 dg2dcos 6, dcos Ok do

+Js sin0 sin%0, oS 2¢ + Jy Sin 20k Sin 20, cosé + Js sin 20 sind, cose

= Ji58iN%0K + Jio C0S20k + (s SIN2Hk + Jop COS2Hc) COS 26,

+(Jss SIN%0 + Jse cOS20k) 0SB, + J7 sin 20 sind, sing

+Jg Sin 20 sin 26, sing + Jg Sin0x sin®, sin 2¢

= “2 x (12 + 12) = 48” if measured separately: A) decay + CP-conjand B) for ¢ = e, p
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B— K*[—> Kr] + (70 :
4-body decay with intermediate on-shell K* (vector)
1) 6% = m2, = (p; + pe)? = (P — Pxx)?

2) cost, with 6,2 (Bg, B7) in (£¢) — c.m. system

3) cosOx with 0k Z(Pg, Pk) in (K7) —c.m. system

4) ¢ £(Bx X Pr, Py X Pe) in B-RF

CP-conj. decay B® — K*9(— K+z—) + £¢: d*T from d*I" by replacing
CP-even @ Ji2347 — + Ji2,3,4,7[6w = —5w]
CP-odd Js5.6.8,9 — — Js6,80[0w — —dw]

with £ < ¢ = 0, — 0, — w and $ — —¢ and weak phases &,y conjugated
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B— K*[—> Kr] + (70 :

4-body decay with intermediate on-shell K* (vector)
1) 6% = m2, = (p; + pe)? = (P — Pxx)?

2) cost, with 6,2 (Bg, B7) in (£¢) — c.m. system

3) cosOx with 0k Z(Pg, Pk) in (K7) —c.m. system

4) ¢ L(Bk X B, Py x Pe) in B-RF

CP-conj. decay B® — K*9(— K+z—) + £¢: d*T from d*I" by replacing
CP-even @ Ji2347 — +J123.4706w — —ow]
CP-odd :  Jses9 — — Jss89[6w — —Sw]
with £ < ¢ = 0, — 0, — w and $ — —¢ and weak phases &,y conjugated
1) CP-odd : Acp ~ (Jj — J;) ~ d*(I +T) = flavour-untagged B samples

2) T-odd J7 g 9: Acp ~ COS ds sin yy not suppressed by small strong phases ds

[CB/Hiller/Piranishvili arXiv:0805.2525, Altmannshofer et al. arXiv:0811.1214]
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Data for B — K* + ¢/~ datain 6 g2-bins for

angular analysis in each g?-bin in 6, 0k

1_dr Fi cos®0k + 3(1 F1)sin%
- = — cos - - sin
I dcos Ok 2 b K™% t K

T_d0 3 sin% +—3(17F)(1+ 200) + A 0
sin’ cos cos
r dCOSeg L 4 8 L 4 FB 14

= fitted FL and AFB

C. Bobeth ECT Trento

(Br),

(Ars), (FL)
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Data for B — K* + (/™ datain 6 g>binsfor  (Br), (Am), (F.)

Theory i Binned theory

angular analysis in each g?-bin in 6, 0k B T & LHCb —+~CDF % BELLE "‘E.EE?L.__
< L i

1 8Fcosf) +3(1 FL) sin% [ 1 .| ]
- = - i -
I dcos 0y K L K 05— { —y— h 1
2 . ]

1dr 3_ , 8 2 = + ]
- = —F;sinBp + = (1 — F)(1 + cos“y) + App cosby o -
I dcos 0, 4 8 o ]
= fitted FL and AFB -0.5-— LHCb . .
[ Preliminary

[SM-predictions: CB/Hiller/van Dyk arXiv:1006.5013] [ L 1 L ]
0 5 10 15 20

q? [GeV¥ Y]

Theory HBinned theory Theory B Binned theory
15 & LHCb —+CDF _-® BELLE —"—BaBar +LHCI? —+CDF___ = BELLE —'—BaBar
— 1.5 7 =
= 'LHCb 1 " LHCb -
o Preliminary ] Preliminary 1
® ] ]
X 1 -1

~ ] ]
‘O_ —a— E —
—y : 4

(§ 0.5 — . — ]
% I —— |::c_-
0 [ 1 1 1 i [ 1 1 i
0 5 10 15 20 0 5 10 15 20

q? [GeV¥ Y] q? [GeV¥ Y]
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Data for B — K* + {7/~ : datain 6 g2-bins for (S,

@ additional measurement of S; (or A(f)) and A, from CDF and LHCb

2 d(r +T) .
————~ =14 S3¢c082¢ + A sin2
T+ do 3008 2¢ ¢
with
J3+33 1 6
Ss = 2 _(1-F)A
=T 2R
Jo — Jo
Aim = -
T r+T

<Aim>

(since Jy CP-0dd, the CP-asymmetry ~ (Jy — Jo) from untagged B-sample)

@ new data from BaBar and LHCb from march 2012 not included in previous plots

— LHCb: see talk of Thomas Blake (tomorrow = tuesday)
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B — K + (t{~: 3-body decay — 2 kinematic variables

1 d’r
(dr/dg?) dg?dcos 6,

3 observables x CP-conj:  dBr/dg?, Ars(g?), Fu(q?)

= % [1 = FH] sin294 P %FH + Arg COS 0,
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B — K + (t{~: 3-body decay — 2 kinematic variables

1 d’r
(dr/dg?) dg?dcos 6,

- % [1 — Fu]sin®0, + %FH + Arp COS 6

3 observables x CP-conj:  dBr/dg?, Ars(g?), Fu(q?)

data in 6 g-bins for:  (Br) from [Belle] [CDF]

0.6

0.5

0.4

0.3 W/v..... %

0.2

=i

dB/dq? [1077/GeV?)

0.1

A

0.0

0 2 4 6 8 10 12 14 16 18 20 22

2 2
q [GeV ] [SM predicition: CB/Hiller/van Dyk/Wacker 1111.2558]
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B — K + (t{~: 3-body decay — 2 kinematic variables

1 d’r
(dr/dg?) dg?dcos 6,

3 observables x CP-conj:  dBr/dg?, Ars(g?), Fu(q?)

- % [1 — Fu]sin®0, + %FH + Arp COS 6

also measured:
@ 6 g°-bins lepton forward-backward asymmetry: (Ars)
@ 6 g>-bins isospin asymmetry:

(Tp+ /750 ){Br[B® — K°2t]y — (Br[B* — K*(])
K

A = ae fro0 ) BrB® — KoL)y — (Br{B* —

C. Bobeth ECT Trento April 2, 2012
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B — K + (t{~: 3-body decay — 2 kinematic variables

1 d’r
(dr/dg?) dg?dcos 6,
3 observables x CP-conj: dBr/dq?, Ars(q?), Fu(q?)

[1 = FH] Sinzeg aF %FH + Arg COS 0,

_ &
"4

also measured:
@ 6 g°-bins lepton forward-backward asymmetry: (Ars)

@ 6 g>-bins isospin asymmetry:

a2 e )XBr{B° — K°t]) — (Br{B* — K*IU])
= (Tg+ /750 ){Br[B® — K°2¢]) — (Br[Bf — K*¢

.. and improved measurements of
@ exclusive b — s~v: B — K*~, Bs — ¢ (LHCb)
@ leptonic Bs — p*u~ and related (LHCb, CMS, ATLAS)
@ inclusive b — sy and b — s¢*¢~ (Belle I, SuperB)

C. Bobeth ECT Trento April 2, 2012
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B-Hadron decays are a Multi-scale problem . ..

... TYPICAL INTERACTION (IA) SCALES

electroweak 1A > hadron in restframe,
external momenta

My ~ 80 GeV

Mz ~ 91 GeV Mg ~ 5 GeV

m; ~ 172 GeV

>

QCD-bound state

effects

AQCD ~ 0.5 GeV

electroweak IA is “short-distance = local” compared to QCD IA

= Effective theory (EFT) of electroweak IA = separation of scales

C. Bobeth ECT Trento

April 2,2012
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MATCHING “FULL” THEORY ON EFT
decoupling (OPE) of heavy particles (W, Z, t,...) @ EW scale ng = My factorisation into . . .

... short-distance = effective couplings G = C,,(O) + %;C’,(U + ..

... long-distance = flavour-changing operators O; (dim > 4)

\b\./u;c/
CO (o, My)
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.. short-distance = effective couplings G = Ci(O) + ?7?0,'(1) T

. long-distance = flavour-changing operators O; (dim > 4)
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MATCHING “FULL” THEORY ON EFT
decoupling (OPE) of heavy particles (W, Z, t,...) @ EW scale ng = My factorisation into . . .

.. short-distance = effective couplings G = Ci(O) + ?7?0,'(1) T

. long-distance = flavour-changing operators O; (dim > 4)

c() (o, M) X
%0(1 HOyMW/.\\ aF C(O) )u'07MW)

RENORMALISATION GROUP FROM g ~ My TO pip ~ My

— resums large logarithm’s: [cvs In(p/p0)]”

LO: &l In"(1up/ o), NLO: a2 In" (11/110), NNLO: a2 N2 (11 /110), [+ QED LO, QED NLO]
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MATCHING “FULL” THEORY ON EFT
decoupling (OPE) of heavy particles (W, Z, t,...) @ EW scale ng = My factorisation into . . .

.. short-distance = effective couplings G = Ci(O) + ?7?0,'(1) T

. long-distance = flavour-changing operators O; (dim > 4)

1 O (g, My) X

2 C( uova/l\\ + CO (o, My)

RENORMALISATION GROUP FROM g ~ My TO pip ~ My

— resums large logarithm’s: [cvs In(p/p0)]”

LO: &l In"(1up/ o), NLO: a2 In" (11/110), NNLO: a2 N2 (11 /110), [+ QED LO, QED NLO]

= [ LYNO(1p) @ pp ~ mp includes EW up to O(m2/M2,) and QCD x QED corr.

eff
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AB =1EFTinthe SMforb — s

b—->s+vy AND b—s+0T4

b s
Y
el t & b S
————
o o Chex AL
| |

. L —
1 1

O7 = mp[Sc"” Pr b]FL. Os,10 = [S¥*PLb][Ev.(1, 75) €]

C. Bobeth ECT Trento April 2, 2012 12/42



AB =1EFTinthe SMfor b — s

b—S+vy AND b—s+ /(e

W 124
—> C’7y X
Y
e
u,cl s b u,ct s

b S
———
G G A

| |

. AR
1 1

O7 = mb[EO'”VPR b]F;w 09,10 = [E’YuPL b][z')’u(-'a '75)£]

b— s+gluon AND b—s+qq

b s

g

Og = mp[8""PrT?bIGL,  Osa=[89"(1, T)PLO] 0[q7.(1, T%)q]
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Extension of EFT beyond the SM . ..

‘Ceff (,Ub) = ‘CQEDXQCD (u7 da S7 Cv b7 ev M T, ???)

4Gr
V2

+ Vekm ). (Ci + AC)O; + ). CO;(777)
sM NP

= AG; ... NP contributions to SM C;
= > GO; ... NP operators (e.g. C7 g 1, Cg}, o)
= 777 ... additional light degrees of freedom (<« not pursued in the following)
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Extension of EFT beyond the SM . ..

Lett (b)) = Loepxqep (U, d, S, ¢, b, e, u, T, 777)

4Gr
V2

+ 2 Vexm D (Ci + AC)O; + Y. GOj(777)
SM NP

= AG; ... NP contributions to SM C;
= > GO; ... NP operators (e.g. C7 g 1, Cg?),;, oY)
= 777 ... additional light degrees of freedom (<« not pursued in the following)

MODEL-DEP. 1) decoupling of new heavy particles @ NP scale: jinp = My
2) RG-running to lower scale i, ~ my (potentially tower of EFT’s)
C; are correlated, depend on fundamental parameters
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Extension of EFT beyond the SM . ..

Lett (b)) = Loepxqep (U, d, S, ¢, b, e, u, T, 777)

4Gr
V2

+ 2 Vexm D (Ci + AC)O; + Y. GOj(777)
SM NP

= AG; ... NP contributions to SM C;
= > GO; ... NP operators (e.g. C7 g 1, Cg?),;, oY)
= 777 ... additional light degrees of freedom (<« not pursued in the following)

MODEL-DEP. 1) decoupling of new heavy particles @ NP scale: jinp = My
2) RG-running to lower scale i, ~ my (potentially tower of EFT’s)
C; are correlated, depend on fundamental parameters

MODEL-INDEP. extending SM EFT-Lagrangian — new C;
C; are UN-correlated free parameters
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Towards Observables

= EFT universal starting point for calculation of observables

Il Non-perturbative input required when evaluating QCD matrix elements

B — Xs,4v, B— XS_dZE, B — Xs qvv, B— Xp

— Heavy Quark Expansion: only few universal non-perturbative input parameters from
B — Xu,ctv, and B — Xsy photon spectrum

— only @ et e~ — B-factories

- K — wov: isospin symmetries to K — mweve
~ Bs g — I¢: decay constants from QCD-Lattice calculation
— hadronic 2-body B-decays: QCD factorisation (QCDF) or Soft-Collinear ET (SCET)
- B— {K, K*} + It:
@ low dilepton inv. mass: QCDF

@ high dilepton inv. mass: OPE
— form factors from LCSR or QCD-Lattice calculations

- B — {K, K*} + pv: form factors from LCSR or QCD-Lattice calculations

C. Bobeth ECT Trento April 2, 2012 14 /42



— Low Recoil —

Form factor relations and optimised observables
Summary: SM operator basis
Beyond the SM basis
OPE of 4-quark contribution at low recaoil

C. Bobeth ECT Trento April 2, 2012 15/42



FCNC short-distance contributions in EFT

HADRONIC AMPLITUDE B — K*(— Kr) ¢

M =(Krl 6« 5T + Cltox K IB)

1) narrow width approximation

2) neglecting 4-quark operators (next couple of slides)

3) SM operator basis (next couple of slides)

C. Bobeth ECT Trento April 2, 2012 16 /42



FCNC short-distance contributions in EFT

HADRONIC AMPLITUDE B — K*(— Kr) ¢

= (Kn| C} x J_g_ﬁ‘F Co'10> /\\‘B>

DECOMPOSITION OF DECAY AMPLITUDE USING

@ K* on-shell: 3 polarisations e, (m = +, —,0)
@ V* off-shell: 4 polarisations e\x (n = +, —, 0, t) (t=time-like ~ my)

MER[B = K* + VE(> )] ~ D) egh(m) €5 (n) Myuw €5 (W) G [E7a PR

K*
m,n,n’

Helicity amplitudes — Transversity amplitudes

LR LR — LR LR _ LR
ALl = M F ML) A =M@

C. Bobeth ECT Trento April 2, 2012 16 /42



Transversity amplitudes (m, = 0) B — K* form factors V, Ay 5, Ty 23

2m,
AT~ V2 [(Cg F Cio) + 7q2b (o 7'1} ;

MB —+ MK*

A 2m,
ALR L2 (MR — M2 [ FCp)————— 4220 T}
\/7( 2 K*) (Cg+C10)MB*MK* + q2 C7 21,

ALR 1 {(091010)[...A1+...A2]+2mbC7[...T2+...T3]}

2Myx/@?

C. Bobeth ECT Trento April 2, 2012 17 /42



Transversity amplitudes (m, = 0) B — K* form factors V, Ay 5, Ty 23

2m,
AL’H~\/2)\[C*C 7+—bcr},
7 (Co ¥ 1O)MB+MK* Z oh

A 2m,
AR~ V2 (ME - M2 [C FCi)—— + —52C T}
( B K*) ( 9 1O)MB MK* CI2 7121

ALR ! {(091010)[...A1+...A2}+2mbC7[...T2+...T3]}

2Myx/@P

HEAVY-TO-LIGHT (B — K*) FORM FACTOR RELATIONS

at low hadronic recoil limit: Exx ~ My ~ Agep [Isgur/Wise PLB232 (1989) 113, PLB237 (1990) 527]
M2
Ty~ V, T, ~ Ay, Tszqu—zB

C. Bobeth ECT Trento April 2, 2012 17 /42



Transversity amplitudes (m, = 0)

A ~ V2R (G F Coo)

LR 1
° 2 Myx~/

MB —+ MK*

A
AR LB (M~ M2) [(cg  Co)

B — K* form factors V, Ay 5, T1 23

2m,
+ —q2b077'1},

2my
A 2 e,
MB*/WK*Jr @ 7 2}

{(091010)[---/41 +---A2] +2mbC7[...T2+...T3]}

HEAVY-TO-LIGHT (B — K™*) FORM FACTOR RELATIONS

at low hadronic recoil limit: Exx ~ Mgx ~ Agcp

T~ V,

at large hadronic recoil limit: Exx ~ Mg

T2 NAM

[Isgur/Wise PLB232 (1989) 113, PLB237 (1990) 527]
M2

T3 ~ A2 728

q

[Charles et al. hep-ph/9812358, Beneke/Feldmann hep-ph/0008255]

- Mg Mg + MK* Mpg
€n= Arx Ty = 2
Mg + MK* 2EK* 2EK*
Mg+ M Mg — M Mg
g = KX Ay — K¥ Ay ~ To—Ts
2E ;% My 2E; %
C. Bobeth ECT Trento April 2, 2012 17 /42




Transversity amplitudes (m, = 0)

Low HADRONIC RECOIL

2mpM
APF~ CbR x f, : ChR = (Cy F Cio) + ;2 ¢,
1 SD-coefficient C-F and 3 FF's f; (i =L, ||, 0)
23 (1—8— M2, )(1 + Myx )2A1 — S A

fy

V, By =vV2(1 + Mx) Ay, o=

A+ M 2 Myese (1 + My )V/3

(“helicity FF’s” [Bharucha/Feldmann/Wick arXiv:1004.3249])

4
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Transversity amplitudes (m, = 0)

Low HADRONIC RECOIL

FF symmetry breaking corrections

A 2mpM,
AP~ CHR < i+ 0 ( QCD,Ols) ] CHR = (Co F Cyo) + b2 ¢,
mp q
1 SD-coefficient C&-F and 3 FF’s f; (i =L, ||, 0) CM~ —0.3, CiM ~ 4.2, Ci)1 ~ —4.2
3N (1—8— M2, )(1 + Myx )2A1 — S A

fi

V, fH=\/§(1+MK*)A1, fo = 2I\A/IK*(‘|+I\A/]K*)\/§

(“helicity FF’s” [Bharucha/Feldmann/Wick arXiv:1004.3249])

4

7
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Transversity amplitudes (m, = 0)

Low HADRONIC RECOIL

FF symmetry breaking corrections

A 2mpM,
AP~ CHR < i+ 0 ( QCD,O!s) ] CHR = (Co F Cyo) + bz ¢,
mp q
1 SD-coefficient C&-F and 3 FF’s f; (i =L, ||, 0) CM~ —03, CiM~ 4.2, CM ~ —4.2
23 (1—8— M2, )(1 + Myx )2A1 — S A

fy

=22V, fi=v2(+ M)A, = J —
1+ Myx I (+ M) Ar o 2 Myex (1 + My )V/3

(“helicity FF’s” [Bharucha/Feldmann/Wick arXiv:1004.3249])

4

LARGE HADRONIC RECOIL

Y A
ALR _ L CLR o QCD ALR _ cLR o QCD
1Ll Tl X &1L+ As, mp ) o [ X §|| + As, mp
2 SD-coefficients Ci’ﬁl and2FF's &,
2mpM, 2m
ci = (091010)4-%077 Cﬁ’R= (09$C1o)+MiBbC77
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Angular observables (my = 0) — in terms of transversity amplitudes

4dos = |ALP + |ATP + (L — R), —doe = |AS]P + |AG)?,
243 = |ATP — |ATP + (L— R),

V2Js = Re| ASA" + (L — R)],
b Re[AéAj* (L H)], dos _ Re _AﬁAi* (L H)],
V2 2 i
% = Im[AéAﬁ* —(L— F?)], V2Js = Im|ASAL" + (L — R)],

Jo = lm[AjAﬁ* +(L— R)]

C. Bobeth ECT Trento
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Angular observables (my = 0) — in terms of transversity amplitudes

4 Jos

|ALI? + AT + (L — R), —dae = | A% + |AFP?,
243 = |ATP — |ATP + (L— R),

V2Js = Re| ASA" + (L — R)],
b Re[ALAL (L H)] s _ pelAtAL* — (L H)]
NG 07 J > ATAL ;

% = Im[AéAﬁ* —(L— F?)], V2Js = Im|ASALF + (L — Fi’)],

Jo = Im[AjAﬁ* +(L— R)]

Within SM-basis and m; = 0 — out of 12 J; only 8 independent
Jis = 3 og, Jig = —dag, Jsc = 0,
and a 4th (not so trivial) relation

[Egede/Hurth/Matias/Ramon/Reece arXiv:1005.0571]
C. Bobeth ECT Trento
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Angular observables (my = 0) — in terms of transversity amplitudes

4 J2s

|ALI? + AT + (L — R), —dae = | A% + |AFP?,
243 = |ATP — |ATP + (L— R),

V2Js = Re AéAﬁ*+(LHR)],
J5 _ L L*_ ﬁ_ [ L L*_ N
ﬁfRe[AOAL (L H)], 5 —Re|ATALT (L F:')],
% =Im[AéAﬁ*—(L—>F?)], V2Jg = Im AéAi*+(L—>R)],

Jo = lm[AjAﬁ* +(L— R)]

@ _ 3
AR —

For example at Large Recoil: Jog, J3, Jgs, Jg ~ &1 => ratios have reduced hadronic uncertainty

J
A(re) 6s
2 J2s '

A(im) _ Jo

, =

4 Jpg T 2 Jog

[Krliger/Matias hep-ph/0502060, Becirevic/Schneider, arXiv:1106.3283]
C. Bobeth

ECT Trento
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“Transversity” Observables @ Large Recoil ... (m, = 0)

. “designed” from transversity amplitudes, in order to have reduced FF-uncertainty

(2 _
T

AD —

Al _
T

|AL[Z + |AT 2 — | A 2 — |AfT2

AL 1 |AT2 + ACP 4 AT

|ALAL* AH*AE|

‘AL*AL ARAH* ‘

2Re [AﬁAL* AﬁAF'*]

C. Bobeth

|AL[2 + AT 2 + A2 + |ARI2

[Kriger/Matias hep-ph/0502060,

|ALAﬁ* AFI* Aﬁ'f

A8 _
V(AL + A1) (1AL 2 + AT 2)

(5) |ALAR* + AL AR*|
A b
T JALR + AR 2 + |ALJ2 + |AFT2

L aLx R aAR*
qm _ _2mm |AAL & ARAT]

Ar |AL[2 + AT 2 + | Af 2 + AT

Egede/Hurth/Matias/Ramon/Reece arXiv:0807.2589 + 1005.0571]
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“Transversity” Observables @ Large Recoil ... (m, = 0)

... “designed” from transversity amplitudes, in order to have reduced FF-uncertainty

[Kriger/Matias hep-ph/0502060,

J
A _ B
T 2 JZS
S _ JZ + (2J5)2
(24,2 + J72
J
A(re) _ _Y6s ,
LI
C. Bobeth

A0 _ [ (@474
T —2Jp; (2ps + J3)’
r V162 — 942 —36 (U2 + U2)
T = ’
8Jis

i Ji
A(lm) _ 9
T 2 J2s

Egede/Hurth/Matias/Ramon/Reece arXiv:0807.2589 + 1005.0571]
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“Transversity” Observables @ Large Recoil ... (m, = 0)

. “designed” from transversity amplitudes, in order to have reduced FF-uncertainty

a2 _ 7 @ (2J,)2 + J?
T 2 Jog AT - ’
—2Jp6 (225 + J3)

J2 + (2J,)2

A=\ o 1O 9IE = E 4 )
( 4) + 7 T - 8J1s )
J i Ji

A(re) _ _Y6s , A(lm) _ 9

T 4J25 T 2J2s

[Kriger/Matias hep-ph/0502060, Egede/Hurth/Matias/Ramon/Reece arXiv:0807.2589 + 1005.0571]
2 2 2 . 2 [Becirevic/Schneider, arXiv:1106.3283]
2
1= <4A(T5)) + (A(T)> + (A(T”)) + (A(T""))

1st measurement of A(f) and S3 = Js/I" available from CDF and LHCb in 6 g bins
[CDF arXiv:1108.0695, LHCb-CONF-2012-008]

C. Bobeth ECT Trento April 2, 2012 20/42



Angular observables @ Low Recoil using FF relations

[CB/Hiller/van Dyk arXiv:1006.5013]

4 4 2v/2
32 + ) =2p1 12, —3ke =21 15, TJS =4 fof L,
4 4~/2 2
325 — ) =2p1 1, TJ4—2P1 foff 3 =42 ffL,
J7 =Jdg =Jdy =0, f1|,0 = form factors
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Angular observables @ Low Recoil using FF relations  [CB/Hiller/van Dyk arXiv:1006.5013]

4 4 2v/2
32 + ) =2p1 12, —3ke =21 15, TJs = 4pa fofL,
4 4~/2 2
5(2‘123 J3) =2p1 12 i TJ4:2P1 fofy, §J65=4P2f|\fla
J7 =Jdg =Jdy =0, f1|,0 = form factors
p1 and po are largely up-scale independent 0475 ‘
2
2m2 048
P(q") = |G+ k=22 1|+ [Col”
0485
=
2 eff 2m b eff * § 0.49
p2(q°) =Re | | Cg T G| Cfy g *
&'
-0.495
k(up) radiative QCD-correction to matching of os
FF relations between QCD and HQET -
= accounts for u,-dependence of tensor form -0.505
factors Ty o 3 14 15 16 17 18 19

02 [GeVZ]
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Angular observables @ Low Recoil using FF relations

[CB/Hiller/van Dyk arXiv:1006.5013]

4 4 2v/2
3@s + o) =2p1 12, —3he =2, 1, =3 =4pehofi,
4 4.2 2
=(2dos — J3) =2p1 7, —— Ja =2p1 fofy, Sdes = 4p2 ffL,
3 I 3 3
J7=Jg =Jg =0, f1|,0 = form factors
dr p2 fLf
— =2 242 412, App =35 x ——
agz = 2o o+ L T T # R R
2 _ g2
f__ @ _ i @ _fI AD _oP2 T
B+ TR L T p1
at low recoil: F, A<T2), A(TS) are short-distance independent, contrary to large recoil
= could be used to fit form factor shape
C. Bobeth ECT Trento April 2, 2012 21/42



Angular observables @ Low Recoil using FF relations  [CB/Hiller/van Dyk arXiv:1006.5013]

4 4 2v/2
3@s + o) =2p1 12, —3ke =21 15, TJ5—4p2fofl,
4 42 2
5(2‘123 J3) =2p1 12 i TJ4:2P1 fofy, gJes=4P2f|\fL7
J7 =Jdg =Jdy =0, f1|,0 = form factors

dr P2 L

— =2 242 412, A =32 x 1

agz = 2o o+ L T Ry

2 _ f2

F-__ @ _ L A9 _ NI 4@ e o

f2+f2+f2’ TR o T p1 1

at low recoil: F, A(TZ), A(TS) are short-distance independent, contrary to large recoil

= could be used to fit form factor shape

All relations valid up to sub-leading corrections in C7/Cg x Agcp/mp, due to FF relations.
(Later: OPE of 4-quark contributions yield also additional (Aqcp/mp)?)
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Optimised Observables @ Low Recail ...

“short- & long-distance free”
V24

HD - X2
’ch (2J25 - Js)

= sgn(fy)

[CB/Hiller/van Dyk arXiv:1006.5013]
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Optimised Observables @ Low Recail ...
“short- & long-distance free”
V2Jy

HD - X2
’ch (2‘/25 - Js)

= sgn(fy)

“long-distance free”  SD combinations: p1 = (|CF|2 + |CL2)/2, po = (|CA|2 — |CL2)/4

T Y
—2d,, (2dpg + J5) P 24/ (2dp)2 — U2 P1

[CB/Hiller/van Dyk arXiv:1006.5013]
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Optimised Observables @ Low Recail ...
“short- & long-distance free”
V2Jy

HD - X2
’ch (2‘/25 - Js)

= sgn(fy)

“long-distance free”  SD combinations: p1 = (|CF|2 + |CL2)/2, po = (|CA|2 — |CL2)/4

H® — Js _oP2 TON. | Sy
—2Jy (2‘!25 + JS) P 2 (2‘/25)2 - J32 P

“short-distance free” — measure form factors f, | . (SM-operator basis only)

o V2ds  —dee V24 —dJac 2Jg

fi des  V2di 2dc—dy \2h—dy 4

fL_ 2ty —dag (2dpg + J3) o —dye
fi 2dpg = Jy V2, 7 un 2dps + g

[CB/Hiller/van Dyk arXiv:1006.5013]
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Optimised Observables @ Low Recoil ... only in SM operator basis
“short- & long-distance free”
V2J,

HD - X2
’ch (2J25 - Js)

= sgn(fy)

“long-distance free”  SD combinations: p1 = (|CF|2 + |CL2)/2, po = (|CA|2 — |CL2)/4

H® — Js _oP2 TON. | Sy
—2Up (25 + ) ’ 2\/(2dy0)2 = U i’

“short-distance free” — measure form factors f, | . (SM-operator basis only)

fi des  V2di 2dc—dy \2h—dy 4

L 2dys + g _ —dae (205 + J3) o | e
fi 2dpg = Jy V2, 7 un 2dps + g

[CB/Hiller/van Dyk arXiv:1006.5013]

o V2ds  —dee V24 —dJac 2Jg
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FF-free CP—asymmetries @ low recaoll [CB/Hiller/van Dyk arXiv:1105.0376]

P2

_ p2 _ P2 _
(1) _ P1— Pt @ _ p1__ P (3) P2 — P2
acp = - > acp = 5, ey =2 ——
P by + by P o2y P2 P P11+ P
p1 ' P
@ NLO QCD corrections large = decrease CP-asymmetries
@ still, theoretical uncertainties large: dominated by renorm. scale pp
ECT Trento April 2, 2012 23/42
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FF-free CP—asymmetries @ low recaoll [CB/Hiller/van Dyk arXiv:1105.0376]

_ b2 _ B2 _
1) _ P1— P @ _ p1_ b (€)) P2 — P2
ap = ———, ap = 5, ap =2———
1+ Py ¢ oomgz o+

@ NLO QCD corrections large = decrease CP-asymmetries
@ still, theoretical uncertainties large: dominated by renorm. scale pp
Bs — ¢(— KTK™) + £t~
@ time-integrated a7 in Bs — ¢(— KTK™) + £ is CP-odd = untagged
(] a’c”lix depends only on (Als/I's)2 = no sensitivity to sign of Al's

@ since (Als/T's)? « 1 no significant sensitivity to Bs mixing parameters
= comparable to aésp) [B— K*¢te—]
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FF-free CP—asymmetries @ low recaoll [CB/Hiller/van Dyk arXiv:1105.0376]

_ b2 _ B2 _
1) _ P1— P @ _ p1_ b (€)) P2 — P2
ap = ———, ap = 5, ap =2———
1+ Py ¢ oomgz o+

@ NLO QCD corrections large = decrease CP-asymmetries
@ still, theoretical uncertainties large: dominated by renorm. scale pp
Bs — ¢(— KTK™) + £t~
@ time-integrated a7 in Bs — ¢(— KTK™) + £ is CP-odd = untagged
(] a’c”lix depends only on (Als/I's)2 = no sensitivity to sign of Al's
@ since (Als/T's)? « 1 no significant sensitivity to Bs mixing parameters
= comparable to aésp) [B— K*¢te—]
B— Kete~
@ @ high-g2: Acp[B — K ¢+0~] = all)[B — K*(*+ (=] in SM operator basis
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BSM operator list

FREQUENTLY CONSIDERED IN MODEL-(IN)DEPENDENT SEARCHES: b — s/£1¢~
SM’ = x-flipped SM analogues

e — Qe _ -
——— Mp[§ 0,1 Pr b FH, Og! 100 = - [7"PabIZ (", 7"75) ]

Y=
7 = (an

new Dirac-structures beyond SM:

@ SM’:right-handed currents
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BSM operator list

FREQUENTLY CONSIDERED IN MODEL-(IN)DEPENDENT SEARCHES: b — S/ ¢~
SM’ = x-flipped SM analogues
e - » Qe — -
O% = e MolB 0w PROIF, OF 1 = 7= [87"PabI[Z (7#.7"75) ]
S + P = scalar + pseudoscalar

Qe

4z

Qe — _ _ _
Oss = - [5Pa.bIEd], O pr = 22[8 Py b][775 4]

new Dirac-structures beyond SM:

@ SM’:right-handed currents
@ S + P : higgs-exchange & box-type diagrams
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BSM operator list

FREQUENTLY CONSIDERED IN MODEL-(IN)DEPENDENT SEARCHES: b — S/ ¢~

SM’ = x-flipped SM analogues

O;, = mb[écrm,PHb]F“”,

9
(4m)?
S + P = scalar + pseudoscalar

Qe

OZ[ —
S8 = 4r

[SPg,. bl[€4],

T + T5 = tensor
Qe - 7 v
oY = 4—:[3 o bI[Ea™ 1],

e _
Ogf 1 = 4[5 PrbIZ (", 7"75) ]

o _
Opp = 5 [8PaL B[l 1]
@ 'E,uuaﬂ _ —
Ofs = 41 (8o bl[Eoas €]

new Dirac-structures beyond SM:

@ SM’:right-handed currents

@ S + P : higgs-exchange & box-type diagrams
@ T + T5: box-type diagrams, Fierzed scalar tree exchange

C. Bobeth

ECT Trento

April 2, 2012 24 /42




BSM operator list

FREQUENTLY CONSIDERED IN MODEL-(IN)DEPENDENT SEARCHES: b — S/ ¢~

SM’ = x-flipped SM analogues
e
7 = —m

o7 (47)2

S + P = scalar + pseudoscalar

(0% - -
Ofs = T;[sPR,L b)[2 4],

b[gg#l,PRb]F“”,

e _
Ogf 1 = 4[5 PrbIZ (", 7"75) ]

(0] - -
Of'p = —[8Pr,Lb][ls 4]

4z
T + T5 = tensor B
_ _ i E[JJJO( _ _

Off = 22 (30, bllTo" 1), o =22 [80uw bl[Zoas ]
??? Will there be changes beyond the SM basis to:

|HO| =1, H® = Jr=ds=Jo=0

b/, /A, /fi
C. Bobeth ECT Trento April 2, 2012 24 /42




SM’ = 07/’9/’101 @ IOW reCOiI [work in progress CB/Hiller/van Dyk]
At =—ctfn AR = 1 cbRf

transversity amplitudes : o =
with short-distance coefficients CL-7 — CiR
LR eff eft 2m eff eff -
Co" = |(Cg" — )+"iq (C —C3) | F (Cio — Cio)s

CLA = [(Cgff M + ke (CEff cer } F (Cro + Cyor)

C. Bobeth ECT Trento April 2, 2012 25/42



SM’ = O 7910/ @ IOW reCOiI [work in progress CB/Hiller/van Dyk]
7'9'10

transversity amplitudes : A(L) ﬁ —chbA fo |15 ALR = +Ci’R fi

with short-distance coefficients CL-7 — C;H
LR _ | peff _ peff 2mj cff ™|+ (cn— C
Co=|(Cg" —Cy') +r q2 (% 7)| F (Cro — Crov),
LA _ | (ceff o ceff 2m Ceff ch | = (e C
Cy=|(C +Cy) +r 7 ( + C5) | F (Cio + Cyo)

Now the angular observables J; (m, = 0) read

42

4
§(2J25 +d3) =2pf £, TJ4 = 2py fofy, J7 =0,
4 B 2v2 4v/2
3(@d2s — ) =2p, i 7‘/5 = 4Re(p2)lof1, 5 8 = 4Im(p2)hofy,
4 _ 4
*§J2c =2p, 8, §J65 = 4Re(p2)ffL, *§J9 = 4Im(p2)fy fL

where pq and p, have to be generalised

o d(OIreIot), s (cTom - otot
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SM’ = 07/’9/’10/ @ IOW reCOiI [work in progress CB/Hiller/van Dyk]
@ extensionto py — pi

@ still have: H<T1) =sgn(fy) = deviations test OPE
@ J;, =0, but ngg #0

@ generalisation: H(TZ) = H<T3) = 2Relp2)
/= .+
Py " Py
@ 2 new FF-free ratios
V2Jg _ 2Im(pp) —Jo 21Im(pz)

H® — = . H® = =
\/_ch (255 + J3) \/91_ oy \/(2st)2 —- % \/P1_ 2

o afy - aly® and - a3

@ generalisation of ag,) and additional

a® — 2Re(p2 — p2) a® _ 2Im(p2 — p2)
CP ’ CP
Vi =50 (o7 = 57) Ver =50 (o7 = 77)

@ less “short-distance free” ratios: only fo/fiy = V/2Jg/Jg remains
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Scalar (S + P) operators @ low recaoil ..

@ New form factor Ay needed !!!

@ No contribution to Jis 25,2¢,3,4,65,8,9

. .and no tensor op’s

= still

IH =1, Jys = 3as,

4 (5
Hy’ = Hy

C. Bobeth ECT Trento

April 2,2012

27 /42




Scalar (S + P) operators @ low recoil ... and no tensor ops

@ New form factor Ay needed !!!

@ No contribution to Jis 25,2¢,3,4,65,8,9

= still IH| =1, Jys =3dos, HP = HP

@ unsuppressed contributions to J;¢

méz / méz
Jig = —doc + O ? = J1c:7J20+...(CS,PfCS7P)A0+O ?
since F = (Jic — Joe/3)/T, relation does not hold:

1 dr
[dcosb,

# %FL sin6, + gFT(‘I + c0s?6;) + Agg €OS 0,
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Scalar (S + P) operators @ low recoil ... and no tensor ops

@ New form factor Ay needed !!!

@ No contribution to Jis 25 2¢.3 4,65,8,9

= stil IH| =1, Jis = 3dps,

4 (5
Hy’ = Hy

@ unsuppressed contributions to J;¢

2

my / méz
Jig=—doc + O ra =  Jig=—dp+...(Cgp—Cgp)A+ 0O ra

since F = (Jic — Joe/3)/T, relation does not hold:

1 dr
[dcosb,

3 . 3
# ZFL sin6, + éFT(1 + c0s?6;) + Agg €OS 0,

@ (SM + SM’) x S to Js 6¢ 7 suppressed by ~ my/~/q?

= H¥ modified, only  H + O(my/v/q?) ~ HY)
= Jgc # 0 modified
= J7 # 0if CPV beyond SM, since J7 ~ Im[... (Cg — Cg)]
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Tensor (T + T5) operators @ low recoil

@ 2 new short-distance coefficients

M27M2 M2
ol =1652 =K~ (10712 + |Crsl?) bl = 161" 3 CrCf,

q2

@ not my/+/q? suppressed contributions to

= Jis,1¢,25,2¢,3,4,8,9
—~(SxT5)and (P x T)indsge  and (S xT)and (P x T)inJy

@ ~ my/+/q?-suppressed interference (SM + SM’) x (T + T5) in Jis 1¢.5 6s,6¢,7
® now [H| =1+ O(M2, /M)

M2, I
1 % — %
H;)%1+A/’,<§><F(/)1,/)1T)+O< A;%)

In BSM scenarios without tensor operators, deviations \H<T1>| # 1 can signal large
long-distance effects
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4-Quark operators

= Have to be included because of operator mixing

= Background contribution B — K (gq) — K¢
from 4-quark operators b — sqq

@ up-type CC-operators suppressed by V,, V/
@ QCD-penguin operators suppressed by small
C3456
mainly charm CC-operators induce large peaking
background around G? = (M,;,,)2, (M )?:
—> vetoed in experiment

Yo

q2 - REGIONS IN b — S + ZE K(*¥) _ENERGY IN B-REST FRAME: Ec(x) = (Mg <F Mfd*) —¢°)/(2Mg)

g°-region low-¢?: g% « M2

high-g2: g% ~ M2

K ) -recoll large recoil: Ey(x) ~ Mg/2

low recoil: Ey(x) ~ Myx) + Nocp

theory method || QCDF, SCET: ¢? € [1,6] GeV?

OPE + HQET: ¢ > (14...15) GeV?

v

[QCDF: Beneke/Feldmann/Seidel hep-ph/0106067, hep-ph/0412400]
[OPE: Grinstein/Pirjol hep-ph/0404250; Beylich/Buchalla/Feldmann arXiv:1101.5118]
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High-q® = Low Recoil

Hard momentum transfer (g2 ~ M2) through (gq) — ¢¢ allows local OPE

b s b S b s
OPE .
_ — a —>
| | |
q | AQCD < q2
| g2

_ _ _ 872 | N " . _
MIB — R* 8] ~ i f d*x €9 X(R* [ T{LT(0), ™ (x)} B) [ (]

= (Z CaaQhy + Y. CspQhy + D, Coc Qb + O(dim > 6)) [£y,.€]
a b c

Buchalla/Isidori hep-ph/9801456, Grinstein/Pirjol hep-ph/0404250, Beylich/Buchalla/Feldmann arXiv:1101.5118

Leading dim = 3 operators: (K*|Qj3 4|B) ~ usual B — K* form factors V, A 1.2, T1 2.3

AV
o= (o - TV Bt -wbl — GG (V)
u img _ eff
Q372 = ? Qv [30'1/;1.(1 + 75) b] - C7 — C7 , (T1,2A,3)
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High-q2 = Low Recoil [Beylich/Buchalla/Feldmann arXiv:1101.5118]

dim = 3 «as matching corrections are also known

ms # 0 2 additional dim = 3 operators, suppressed with asms/my ~ 0.5 %,
NO new form factors

dim = 4 absent

dim =5 suppressed by (Aqcp/Mp)2 ~ 2 %,
explicite estimate @ g2 = 15 GeV2: < 1%

dim = 6 suppressed by (Aqgcp/mp)® ~ 0.2 % and small QCD-penguin’s: C3 45 6
spectator quark effects: from weak annihilation

BEYOND OPE duality violating effects
@ based on Shifman model for c-quark correlator + fit to recent BES data
@ +2 % for integrated rate g° > 15 GeV?

= OPE of exclusive B — K*)¢*¢~ predicts small sub-leading contributions !!!

BUT, still missing B — K form factors @ high-g?
for predictions of angular observables J;
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FF-FREE RATIOS

111 TEST SD FLAVOUR COUPLINGS VERSUS EXP. DATA + OPE

V2J,

H(Tz) _ Js _oP2 H(Ts) _ Jo _oP2
—25 (255 + ) P 2,/(2d,)2 — JZ P1
SM predictions integrated g2 € [14, 19.2] GeV? [CB/Hiller/van Dyk arXiv:1006.5013]
(HY) = +0.907 £0.002 580

(HP) =

CH) =~

+0.003

4
0.972 +0-00 ‘
IWR —0.004 SD’

+0.001|_ *5.8%|
—O.OO3‘FF gL —0.005

+0.008 +0.003
0.958 +0.001 ‘SL o 70'004‘513

= Assuming validity of LCSR extrapolation Ball/Zwicky [hep-ph/0412079] of V, A 2(¢?) to
G° > 14 GeV? based form factor parametrisation using dipole formula
= (...) = g°-integration performed in analogy to experimental measurement for each I,.(k) before

taking ratio and ,/

C. Bobeth
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Sensitivity of H(TZ’S) —example: real Cq

HP[14.18, 19.2]

1.4 HP[14.18,19.2]

1.2
=
w
0
=)
z / \

0.8 @ varying Cg around

SM value C3M
@ g?-integrated observables Xxp
0.6 normalised to SM-prediction
/ Xsm

02 04 06 08 1 1.2 14 16 1.8 @ bands =theory uncertainties
NP, ~SM
Cy /Cy
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Sensitivity of H(TZ’S) —example: real Cq

HP[14.18, 19.2]

1.4 HY[14.18,19.2]
——— Appl14.18,19.2]
Al 6
12 ATII1, 6]
=< .
0.8 / <] @ varying Cg around

SM value C3M

/ @ ¢’-integrated observables Xxp

normalised to SM-prediction

02 04 06 08 1 1.2 14 16 1.8 @ bands =theory uncertainties
NP, ~SM
Cy /Cy

At high-g? H(T2’3> are the “better” Agp !!!
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Sensitivity of H#¥

7 —example: real Cq
&Y ;':__ HP[14.18, 19.2]
1.4 kN 5 HP[14.18, 19.2]
rE Appl14.18,19.2]
Y -'-; .......... Apgll, 6]
12 ‘j‘___\ .......... A({e)[l,6]
Y ~ | - Apgl2, 4.3]
: b
5 Y ‘.‘} \ _________ A&{e)[z, 43]
~ 1 3
I \
Z k
e .
0.8 @ varying Cg around
T~ SM value C5M
@ g2-integrated observables Xxp
0.6 normalised to SM-prediction
// Xsm
02 04 06 08 14 16 18 @ bands =theory uncertainties
cPresM
. 2 14(2,3) « »
At high-g= H;™™ are the “better” Apg !!!
C. Bobeth
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Sensitivity of H(T2’3) —example: real Cq

/ HP[14.18, 19.2]
HP[14.18, 19.2]
Appl14.18,19.2]
--------- Appl2,4.3]
--------- A2, 4.3]
.......... B]—[l s 6]
Br[14.18, 19.2]

Xnp/ Xsm

@ varying Cg around
SM value C§M

@ ¢?-integrated observables Xyp
normalised to SM-prediction
Xsm

\
\
02 04 06 08 1 12 14 16 1.8 @ bands =theory uncertainties

At high-g® H(TZ’3> are the “better” Ap !!!
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Open Issues

e B — K and B — K* form factors at high-g® (from Lattice)

preliminary results without final uncertainty estimate:
[Liu/Meinel/Hart/Horgan/Mdiller/Wingate arXiv:0911.2370, 1101.2726]

@ better understanding of sub-leading contributions

1) QCD factorization at low-g®
2) OPE at high-g? - known up to sub-leading form factors (Lattice?)

[Grinstein/Pirjol hep-ph/0404250; Beylich/Buchalla/Feldmann arXiv:1101.5118]

@ inclusion of ¢c-tails at low-g?
[Khodjamirian/Mannel/Pivovarov/Wang arXiv:1006.4945]

@ beyond narrow width approximation for K* in: B — K* — Km 7?7

@ non-P wave K7 background to K7 pairs from K* at high experimental
statistics 7?7
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Towards a global analysis
of rare AB = 1 decays
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“Global” Fit of complex Cg and Cio — (a) simple strategy

@ scan parameter space C; = |Cj| exp(i¢;) (i=7,9, 10) on grid B — Xsit :

@ evaluate theory uncertainties at each grid point: Br: e [1,6] GeV?
FF’s, sub-leading A/m;, based on power counting, [Babar/Belle]
tbs CKM, me, mp, my B K*it -

@ calculate likelihood and obtain 68 & 95 % regions Br, Avs, i

g% € [1,6] GeV?
Bf, AFBI

C. Bobeth

[14,16],[> 16] GeV?
[Belle/CDF/LHCb]

B — K¢ -

Br: g% € [1, 6],
[14,16], [> 16] GeV?
[Belle/CDF]
=SM
contour

= without B — K¢
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[C10l

“Global” Fit of complex Cg and Cio — (a) simple strategy

7.5

0.0

@ scan parameter space C; = |Cj| exp(i¢;) (i=7,9, 10) on grid B — Xsit :

@ evaluate theory uncertainties at each grid point: Br: e [1,6] GeV?
FF’s, sub-leading A/m;, based on power counting, [Babar/Belle]
KM _
tbs CKM, mg, mp, my B K0 -
@ calculate likelihood and obtain 68 & 95 % regions
u ikeli i 6 regi Br, A, F:
o vs. d1o for all data g2 € [1,6] GeV?

[Co] vs. |C10| for all data

, Br, Arg:
95% CL combined  mmmm )
68% CL c%rg‘%még — [1 47 16], [> 16] GeV
68% CL e [Belle/CDF/LHCb]
B — Kt :
Br: g% € [1, 6],
[14,16], [> 16] GeV?
[Belle/CDF]

green square = SM

0.0

‘
3
2.5 5.0 7.5 10.0 0 z ks = 2 contour

ICsl o = without B — K7
[CB/Hiller/van Dyk/Wacker arXiv:1111.2558]
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Cy vs. Cyo for all data with C7 <0 Cy vs. Cyo for all data with C7 >0
L

9 I 9 I I

95% CL 95% CL o
Case ofreal Cg & Cy9 08% CL . 08% CL
3 3 4
green square = SM u
. 30 S0
|C7| fixed to SM value
E -3
.-EE 5}
-6 -6 C
-9 -9
-9 -6 -3 0 3 6 9 -9 -6 -3 0 3 6
Co Co
7 7
6 6 = zero crossing of Arp
5 5
95%CL Splution A .
B = s 4 solution A:
z s —— 3 2 26GeV2
] > 2.6 Ge
w e — %
1 T— ;
95%GL Solution D SOlUUOn D:
0 0 5 5
2 3 4 5 6 7 8 q; > 1.7 GeV

[Col
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Descotes-Genon/Ghosh/Matias/Ramon
arXiv:1104.3342
included data (before summer)
@ B — Xsv (Br),
B — K*v (S, A))
@ B — Xsil (low-g?: Br),
B — K*¢ (only low-g°: Ags, Fj)
@ upper bound on Br(Bs — i)

and NP in real Wilson coefficients
° C7y7/
@ +Cy 10
o + Cg/’u)/

= sign-flipped solution of C;
excluded at 1.6

= predictions for A<T2) which is sensitive
to chirality-flipped operators C7/ o 1o/

C. Bobeth

C; — Cy plane

SIB — K]
Al[B — K*7]
at 20

exp + th
uncertainty
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Descotes-Genon/Ghosh/Matias/Ramon

arXiv:1104.3342 C7 — Gy plane

included data (before summer)

@ B— Xsv (Br), S[B — K*~]
— K¥*~
B—K i (S, A) A[B = K*~]
@ B — Xsil (low-g?: Br),
B — K*¢ (only low-g°: Ags, Fj) atio
@ upper bound on Br(Bs — i) exp +th

uncertainty
and NP in real Wilson coefficients

° C7y7/
o + Cg’m
] /107 1.0F
+Co10 A(TZ) for
= sign-flipped solution of C; 05f 1 NPin Gy 7/
excluded at 1.6¢ . atlo
‘3{ 0.0 =
= predictions for A<T2) which is sensitive neg solution
to chirality-flipped operators C7/ o 1o/ -0.5¢ {for 6Cy ~ —0.4
-1.0h ‘ ‘ ‘ ‘ 4 green = SM
1 2 3 4 5 6
% (GeV?)
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Altmannshofer/Paradisi/Straub
arXiv:1111.1257
included data (up to date)
@ B — Xsv (Br), B— K*v(S)
@ B — Xsl/ (lo + hi-g®: Br),
B — K*¢ (lo + hi-g®: Br, Ars, F1)
NP in real and complex
@ C;7 99, 10,10 (invarying stages)
@ Z-penguin + Cy 7/
= relates b — sl and b — siv

— based on MCMC
— constraints in 2 parameter Scenarios

individual constraints at 95% CL
S[B — K*~4]

lo+hi-g? Br[B — Xs¢]

lo-g? B — K*@t

combined constraints: 68% CL ( )

C. Bobeth

P 0
A \\ ~
5 3 ) £}
S o S | [ || ¢ d
E E \ / E
-0sf N / -
d N E
10} T
14 . d
L P L
Re(C)) Re(C)?) Re(C})
4 iy 4 -
y 7 N
= Y /[ \ =) I \ B
5 g4 [ ([©) o (O]
E E L \\@®/ E | /
. < / N 4
-5 — -5 —
o 5 0 5 10 o 10 5 o 5
Re(Cy) Re(Cig)
R ]
~ -1 4 3
© S ¢ S
-4 [: ( | &
T 10
et i
Re(Cy™) Re(Cl)
1 P
10} 10} //H\\\
o = ey s /Q )
EN o e
[S O s [$)
g g 57 (| |
@ @ o \ , /
\\ /
- q J S y
‘/
\\\ 2
o o
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Re(C)") Re(C)P) Re(C)P)
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Beaujean/CB/van Dyk/Wacker (work in progress)

@ theory uncertainties = nuisance parameters = include them in the fit and
profit from “short-distance” free observables @ low recaoil

@ use Bayes theorem = Bayesian inference

@ based on Population MC (PMC) [Kilbinger et al. arXiv:0912.1614, 1101.0950]
1) to avoid problems of Markov chains in presence of multi-modal posterior
2) allows for parallelized evaluation of likelihood

@ Flavour tool “EOS”: observables for http://project.het.physik.tu-dortmund.de/eos/
B — (K* Xs)y, B— KtT4=,B— K*¥(T4=,Bs —» ptp~

@ Priors
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Beaujean/CB/van Dyk/Wacker (work in progress)

@ theory uncertainties = nuisance parameters = include them in the fit and
profit from “short-distance” free observables @ low recaoil

@ use Bayes theorem = Bayesian inference

@ based on Population MC (PMC) [Kilbinger et al. arXiv:0912.1614, 1101.0950]
1) to avoid problems of Markov chains in presence of multi-modal posterior
2) allows for parallelized evaluation of likelihood
@ Flavour tool “EOS”: observables for http://project.het.physik.tu-dortmund.de/eos/
B — (K* Xs)y, B— KtT4=,B— K*¥(T4=,Bs —» ptp~
@ Priors

1) flat priors for Wilson coefficients
2) gaussian (symmetric) / LogGamma (asymmetric) priors for

@ CKM and quark-mass input

e form factor results from LCSR at low-g2, only extrapolation to high-g?
[Ball/Zwicky hep-ph/0412079, Khodjamirian et al. arXiv:1006.4945]

e parametrization of lacking sub-leading contributions @ low- and high-g®

= about O(30) nuisance parameters
= test prior dependence
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SUMMARY 1/2

@ rare decays (AF = 1,2) are suppressed in the SM — indirect search of New Physics

— provide strong constraints on generic extensions of flavour sector

@ 2nd generation exp’s: LHCb, Belle Il and SuperB will provide new b — s{~, #¢} data:
with high statistics through next decade

@ angular observables J; in exclusive B — K*(— K)i¢ provide
@ low- and high-g? combinations with small hadronic uncertainties

@ OPE of 4-quark contributions @ low recoil yields relations (|H(T1)| =1, |H(T2)| = |H<T3)|,
etc.) depending on BSM type, which can be tested with data

= BUT violations can also indicate size of long-distance corrections

@ SM test and BSM search require extension of CKM-fit strategy:

“combine all data and overconstrain scenarios”

EOS = new Flavour tool @ TU Dortmund by Danny van Dyk et al.
Download @ http://project.het.physik.tu-dortmund.de/eos/
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SUMMARY 2/2

We need B — K and B — K* form factors in order to
be able to constrain new physics scenarios beyond the SM
with exclusive b — s ¢+~ decays.

We would like to have a g?-parametrization of form factors,

including uncertainties (as well as the

correlations among the parameters of that parametrization).
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qz—INTEGRATED OBSERVABLES

Experimental measurements of observables P always imply binning in kinematical
variables x, i.e.

Xmax

CP ) B Xma] = J dx P(x)

Xmin

Assume, that angular observables J;(¢?) are measured in experiment for certain g
binning (omitting g2-interval boundaries)

Timax
= [ da? d(eP)

Amin

and “transversity observables” are then determined as follows (for example)

4002 4 (2
(A7) = \/—2<J£><2J257+J3>

— This has to accounted for in theoretical predictions !!!
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MEASURING ANGULAR OBSERVABLES

likely that exp. results only in some g*-integrated bins: ¢...) = Sq’"ax dq?.
then use some (quasi-) single-diff. distributions in 0,, O, ¢ o

air)

a6 2L {() + (J3) €08 2¢ + {Js) sin 29}

@ 2 bins in cos Oy

dAou) _ [’ [ T ] d*r
7d¢ _£1dcoseg L £1 dcos Oy«

dcos O dcos b, do
_ % ((Js) 08 6 + (> sin 6}

@ (2 binsin cosfxx) + (2 bins in cos ;)

d{As, . .0, d? 6, % .
< K* >—U f]dcosgidcgsé)idis 217{<J4>COS¢+<J8>SIH¢}
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HIGH-G?: OPE + HQET

Framework developed by Grinstein/Pirjol hep-ph/0404250
1) OPE in Aqep/Q with Q = {mp,/q?} + matching on HQET + expansion in me

QW power O(as)
B K* 17 8 o () ( 2 7o (-2) 0

M[B — K* + 0] ~ ?Zc,-(um (@, ) [Bve) o\ 1 a(Q)
! o1 & Noco/Q  al(Q)
T (6,10 = 1 [ dx 7 RHT(0,(0), 12 (0}1B) o | me @

©)
_ Y Y eohy Q/>23 Nocn?/@ a3(Q)
e o | myat  aQ

included,

unc. estimate by naive pwr cont.
2) HQET FF-relations at sub-leading order + as corrections in leading order

M2
T1(9%) =k V(¢?), To(q?) = kA1 (GP), T3(q?) = nAe(qz)q—f,

. 2Dy (1) \ mp(p)
_<1+ 05%)) Ms

can express everything in terms of QCD FF’'s V, Ay » @ O(asAqcp/Q) !
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HIGH-G? — TRANSVERSITY AMPLITUDES

AL — 4 [ChF 4 1] 1, AR = —[cHR 4+ 7] 4,

(1—=8— M2, )1 + Mygx )27,A1 — ATAp
ZMK* (1 4F MK*)\/E

ALR = —cbRfy — NMg

= Universal short-distance coefficients: CL-R = C&T + 266 Ceff 3 ¢y
(SM: Cg ~ +4, Cyg ~ —4, C; ~ —0.3)

known structure of [Grinstein/Pirjol hep-ph/0404250]

form factors (“helicity FF’s” [Bharucha/Feldmann/Wick arXiv:1004.3249])

5 . 1—8— M2 )1 + My )2A — XA
I L S fi = V2(1+ Mygx) Ay, f(,:( e )1+ Micx) - 2
1+ Myex 2 Myes (1 + My )VE
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FORM FACTORS AT HIGH-G? . ..

... only known from extrapolation of LCSR at low-g? = Lattice results desirable

3 1

25 rLiv o

0.8

10 1" 12 13 qu[Gev;]S 16 17 18 19 10 11" 12 13 qulaevz‘]& 16 17 18 19
LCSR extrapolation (Ball/Zwicky new unquenched Lattice results to come —
hep-ph/0412079) of T;(g?) and T»(g?) to Liu/Meinel/Hart/Horgan/Miiller/Wingate

high-g? versus quenched Lattice (3 data sets arXiv:0911.2370, arXiv:1101.2726
from Becirevic/Lubicz/Mescia hep-ph/0611295)  no final uncertainty estimate yet
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Low-g? = Large Recoil
QCD FACTORISATION (QCDF)

[BENEKE/FELDMANN/SEIDEL HEP-PH/0106067, HEP-PH/0412400]

= (large recoil + heavy quark) limit [also Soft Collinear ET (SCET)]

(oeKs|HY |B) ~ - -
. . I+ I+
C;I) x &+ P ® Ta<l) ® ¢a,K* + O(AQCD/mb)
g g 9@ &q
¢, T\V': perturbative kernels in as (@ =L, ||, i = u, {) & &
b b
$B: ¢4 k- B—and KF—distribution amplitudes s s

CC-CONTRIBUTIONS [KHODJAMIRIAN/MANNEL/PIVOVAROV/WANG ARX1V:1006.4945]

[ @ OPE near light-cone incl. soft-gluon emission
L (non-local operator) for g° < 4 GeV? « 4m2

[ @ hadronic dispersion relation using measured
. B— K()(c) amplitudes at g2 > 4 GeV?

@ B — K(*) form factors from LCSR
- @ upto (15-20) % inrate for 1 < g2 < 6 GeV?

(Gev?)
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